In the urodeles Proteus anguinus and Eupmeuis aspen thresholds of an overt avoidance response to weak electrical field stimuli (continuous sine-waves) were measured as a function of frequency. Thresholds down to 0.1 mV/cm (30 nA/cm2) were found in P anguinus and 2 mV/cm (600 nA/cm2) in E. caper at 'best frequencies' (B.F.) of 20-30 Hz, but sensitivity covered a-total frequency range of below 0.1 Hz to 1-2 kHz, with up to 70 dB higher thresholds. Average thresholds of 1 mV/cm in P anguinus and 40 mV/cm in E. asper were more than 30 dB apart and Significantly different. Both species were sensitive to galvanic DC-pulses, clicks, and noise bursts with intensities of about the same order of magnitude. Specimens of the transparent catfish, Koptopterus (Siluridae) reacted in the same frequency range as found for Piraeus and Euproctus. and had still lower thresholds, down to 0.02 mV/cm (1.5 nA/cm2). The biological significance and possibly still ongoing evolution of the electrical sense in urodeles is interpreted in terms of comparative sensory physiology and more recent. still speculative, evolutionary diversification during and since the Pleistocene.
Introduction
Passive electroreception is an ancient sensory capacity of anamniotic aquatic vertebrates [Northcutt, 1986; . This sense has an unclear evolutionary origin in jawless vertebrates [Northcutt, 1992; Braford and McCormick, 1993; Fritzsch, 1993] but was lost, at least three times, independently, in bony fishes, anurans, and amniotes [Fritzsch, 1989] . All. Chondrichtyes possess primitive electrosensitive Lorenzinian ampullae [Murray, 1962] . Different electrosensory systems re-evolved in several bony fishes [Northcutt, 1986; Bodznick, 1989] . Among the bony fishes, A structurally dissimilar electroreceptive sense has independently evolved in some mammals: the Australian platypus [Ornithorhyttchtts anatinus, Monotremata, Prototheria, Andres and von During, 1984 , 1988 : Scheich et al., 1986 Gregory et al., 1993; Proske et al., 1993] and the echidna [Tachyglossus aculeatus, Andres et al., 1991] . Electroreception is apparently very advantageous to the platypus for prey detection, possibly because of sensitivity to the prey's electromyogram [Scheich et al., 1986] , as is the case for primarily electrosensitive aquatic vertebrates [e.g. elasmobranches, Kalmijn, 1974] .
The talpid Condyhtra cristata seems sensitive to electrical AC/DC-field potentials caused by its favored prey, earth worms [Gould et al., 1993] . The Pyrenean desman (Galenzys pyrenaicus, Talpidae, Insectivora), its European relative, may seem another potential candidate among the mammals sense strictu for electroreception. In view of a habitat similar to that of the platypus, it might be expected to possess specialized sensory organs in the proboscis [Eimers organ, Bauchot et al., 1973 ]. Yet, sensitivity to electrical currents of naturally available intensities is unlikely [Schlegel and Richard, 1992] .
For all these vertebrate groups, functional electrosensitivity has been documented by either recordings from afferent fibers and/or by behavioral tests [see references in Fritzsch and Wahnschaffe, 1983; Bullock and Heiligenberg, 1986; Bell et al., 1993] .
Proteus (insulin's, the European blind cave salamander (Proteidae), is a neotenic, cave dwelling salamander that resembles the axolotl, Antbystoma niexicanton [MUnz et al., 1984] , with respect to neoteny but is without eyesight. Proreus seemed a good candidate to have well developed electrosensitivity. Although in some salamanders (Salamandra salantancfra), the peripheral lateral line and, therefore, electrosensitivity degenerate at metamorphosis and the switch to a terrestrial habitat [GOppert, 1929, cited from Fritzsch and Wahnschaffe, 1983; Fritzsch, 1988] , this is not typical for all salamanders, nor is it true for the more primitive neotenic Protetts. In addition, newts may not lose their electroreceptive capacities, even after metamorphosis, except seasonally during terrestrial life when the ampullae are covered by comified epidermis [e.g., Triiw-us, Fritzsch and Wahnschaffe, 1983 , and the endemic Pyrenean newt Euproctus asper; see Results]. Electroreception could therefore play an important role for some salamanders and newts who live in water and/or caves seasonally or permanently.
In fact, experiments have shown that Proteus is definitely sensitive to slowly moving weak electric fields of around 1 Hz [Roth and Schlegel, 1988] . Recordings from afferent fibers revealed electrosensitivity with thresholds of about the same order of magnitude as found for the behavior [0.5 mV/cm equal to 0.15 uA/cm2: Roth and Schlegel, 1988; Schlegel and Roth, 1996] . Such sensitivities are comparable to those found in some other urodeles [Himstedt et al., 1982; MUnz et al., 1984] and also to those of ampullary receptor systems in certain fresh water fish taxa [reviewed by Kalmijin, 1974: see also Bullock and Heiligenberg, 1986] .
The biological significance of such electrosensitivity is still somewhat obscure. Hence, the present experiments were designed to test different kinds of artificial electrical signals in the urodeles Prawns and Euproctus and in the cat fish Kryptopterus, for comparison. It was hoped that the results could help to answer questions about the kinds of natural signals to which the system is adapted, particularly in a cave habitat.
Materials and Methods
The. experimental animals were eight juvenile Proteus anguinus (8 to 12 years old and up to 25 cm long), eight adult Euproctus taper (body lengths around 12 cm), and one larval E asper (4 cm long and still bearing gills). The P anguinus were from a semi-wild population bred and raised in local karstic water in the Moulis cave laboratory for almost 40 years. Conditions in the Grotte de Mottlis have been optimized but are close to those of the animals' natural habitat. E. asper is found in two areas: in mountain creeks above 1,100 m in altitude and in several discrete, probably relict populations, below 800 m, in caves that have likely existed since the end of the last (Wiirm) glaciation 36,000 years ago. Six animals (five adults and one larva) were from a high creek population at Aulus-leis-Baits, and three animals (adults) were from a lower cave population, Grote de Siech. All animals were kept isolated (Proteus) or together (Ettpwcius) in round tanks of 30-40 cm diameter, filled 5-10 cm high with waters from their cave (Grotte de Moulis or Grotte de Siech) or creek water at II °C for up to two weeks, then returned to holding tanks in the cave laboratory. The animals were fed live chironomid larvae ('blood worms') once a weak.
Electrical Stimulation
The method of electrical stimulation differed from that used in an earlier study [Roth and Schlegel, 19881 , as the electrical stimuli had to be more easily measured and manipulated. Currents (sine waves, pseudorandom noise bursts of 30 ms duration and 5 Hz to 2 kH z band width, and clicks with less than I ms duration applied with rates of 5-10/s) were passed through two carbon rod or silver ball electrodes, dipped into the water. In addition, single events [galvanic pulses of different polarity and duration (DC), clicks, and noise bursts) were used. Sine waves were turned 'on' and 'off' slowly, with ramps of 50 ms up to several seconds, depending upon frequency, and maintained at the peak amplitude for a few seconds. The output voltage from the since wave generator was controlled by an attenuator and then fed to the two electrodes, either directly or via a capacitor in order to exclude DC-currents. Frequencies were either selected at random or changed systematically from low to high, or vice versa, or from a center of 20-50 Hz up and down or vice versa.
To determine the actual stimuli, the voltage drops at 0 dB attenuation were measured differentially in water with a pair of silver ball electrodes 1 cm apart at different distances from one of the two stimulating electrodes, and intensity profiles in the experimental tank were measured for calibration. The actual stimulus gradients at the level of the body surface, in relation to the distance of the closer electrode, were calculated by taking into account the calibrated standard values, those profiles, and the respective attenuator settings. The voltages for sine waves and noise bursts are given in root mean square (r.m.s., AC)-values, the voltages of galvanic pulses wer measured in absolute (zero to peak) values. The corresponding current densities were calculated according to Ohm's law [resistance of the Moulis cave water was 3,241.5 ohm/cm; see Roth and Schlegel, 1988] . As noted above, animals from the Moulis cave laboratory live in a semi-wild environment throughout their life. Photoperiods were not regulated, as they probably have no circadian rhythm, as is typical for troglobians [Ch. Juberthie, personal communication] . The trials were hence run at any time of day.
Everintenial Procedure
The stimulating electrode was first placed at some distance from the animal's snout, and selected stimulus intensities (voltages) were turned 'on' and 'off', first below the presumed threshold and then in steps increased by 10 or 5 dB until a clearly visible reaction resulted (stationary method). The animal's performance, the kind of reaction. and its strength were noted (see Results). Alternatively, the 'near electrode, from a distance of 10-15 cm away, was moved smoothly towards the animal (ca. I cm/s), without touching it, until the animal reacted, often when the electrode was 5-10 mm away (approach method; see Results). With the approach method, the threshold intensity for the first recognizable reaction was plotted as a function of frequency (virtually 100% correct values), whereas with the stationary method, the performance (% correct) of the response caused by a particular intensity was evaluated, i.e. the particular %-value halfway between 50% chance level and best average performance at saturation was estimated as a reasonable and conventional threshold [about 70%; Roth and Schlegel. 1988 ; for theory, see Schmidt, 1992] .
The original research reported herein was performed under guidelines established by The National Institutes of Health (U.S.A.) and by the German and French laws on animal experiments and care taking.
Results
The behavioral reactions of Proteus to electrical current stimuli will be described and the results compared with those from the epigeal and facultative cavemicole E. aspen The neural properties of Proteus' electroreceptors are described elsewhere [Schlegel and Roth, 1996] .
Proteus
The first recognizable behavioral reaction of Proteus to an electrical current stimulus consisted of a slight undirected twitch, a clear orientation towards, or, rarely, an approach to the electrode (see details later). More frequently, a withdrawal was registered. These reactions, clearly recognizable by an observer, were noted qualitatively, and the stimulus intensities were then decreased until the reaction became minimal (threshold criterion), i.e. just visible by one or several observers who had become accoustomed to the test paradigm and the animals' behavior (some examples are documented on video tape). The response rapidly became stereotyped: quasi-conditioned twitches/retreats with repeated trials. With intensities 3, 6, or 10 dB higher, the animal retreated more and more vigorously or even swam backwards (escape). Avoidance reaction was thus graded between the two extremes, i.e. twitch and escape. and amazingly, compared with other urodeles includine E. caper (see below), Protests habituated very little. This was true even though an animal was stimulated in many trials, sometimes with pauses of only a few seconds, but usually at rates of one trial every half minute, or less frequently, to avoid any fatigue, i.e. less vigorous responses. However, no more than 3-5 sessions a day, with up to 30 trials in each series; were run with the same animal. Sometimes, the first reaction in a series was more vigorous than the following ones, but this did not affect the threshold value.
The response, minimal threshold as a function of sine wave frequency (abscissa) versus intensity (ordinate, 'tuning curve'), was again rather constant for a given animal, but single values or the whole curve could move up and down by 5-10 dB between sessions, and total variations between individuals were even greater, This could be due to either estimation error or unknown factors such as fluctuations of the physiological state or the alertness of an animal.
It was noticed that the animals flushed their gills with blood only irregularly after they apparently became active or aroused. The gross-and microcirculation of the blood through the gills was readily visible with the naked eye or by using a low power dissection microscope. As fluctuation was generally high, individual curves or values obtained with different frequencies were mostly not significantly different, except for some averaged curves as will be discussed.
The eight individual Proteus of Moulis cave had very similar average thresholds, and their optimal sensitivity was at about 30 Hz (best frequency, B.F., fig. 1 , see below). The lowest threshold of one individual was 0.35 mV/cm ( fig. 1 , open circles), obtained with the approach method. The average was at about 0.75 mV/cm and therefore only 7 dB higher ( fig. 1 , filled circles).
Figure 1 also shows the averaged response curve for four afferent fibers [stars; data taken from Schlegel and Roth, 1996 ; notice the good fit of the general curve shapes to each other and the almost equal B.F.'s1. The neural curves were originally plotted with the number of nerve impulses/s (ordinate) as a function of frequency (abscissa). Their average is expressed here in rel. dB corresponding to nerve impulses, computed from the rate/intensity functions (0 dB corresponds to 20 imp/s, -30 dB to 60 imp/s). It is displayed with a reversed ordinate for better comparability, i.e. 'upside down'.
In addition, in figure 2, the absolute variation of average thresholds at best frequency (vertical bar with arrows) and ± standard deviation from the mean (horizontal bars) are indicated for Proteus and compared with those values for Euproctus (see below). The 70% correct response rates obtained with the stationary method ( fig. 1 , open and filled half circles) are shown as the best individual performances: they were mostly similar or worse, than curves obtained with the approach method, but, rarely, they could be up to 10 dB better (0.1 mV/cm) and therefore fit those curves within -10 dB and +101-5 Hz (in fig. 1 , 2, filled circles). However, the stationary method revealed more scattered re suits, albeit for 3-5 times as many trials sampled, and also the lowest absolute threshold values registered ( fig. 1 , semicircles), which might be purely due to the different threshold criteria (100% versus 70% correct responses). An average curve for measurements obtained with the stationary method is not drawn because the dynamic, B,F.'s, and frequency range of the particular curves fluctuated considerably more than those obtained with the approach method, as can already be seen in the examples ( fig.1 , filled and open semicircles).
The karstic waters in which Proteus lives are relatively rich in calcium and hydrogen carbonate ions and hence are highly conductive (up to 500 uS -cm and more) compared to rain water (below 100 tiS •cm in the cases measured). This attenuates the effective voltage drops of a current source proportionally, due to load-resistance, and hence thresholds may not appear extremely low_ Therefore, current density is perhaps the better parameter for comparison or as an indication of best sensitivity. A threshold measured as 0.1 mV/cm would correspond to current densities of around 30 nA/cm-2, which are close to the values stated by Himstedt et al. [1982; about 13 nA/cml and Miinz et al. [1984;  10 nA/cm9. The B.F.'s where lowest thresholds were obtained ranged between 25 and 40 Hz in all cases, but these B.F.'s were not significantly different from each other between individuals, and the steepest slopes rolled off with about 10 dB/octave in the lower frequency range and 15-25 dB/octave at the upper frequency end. At the lowest frequency tested (0.1 Hz), threshold was only 35 dB higher than at B.F., but a 2-4 kHz, the threshold was 60-70 dB higher and only roughly estimable, which demonstrates a rather sharp cutoff at the upper frequency end. On the other hand. the good sensitivities at very low frequencies below 0.1 Hz, i.e. almost DC, show only a smooth low frequency cut-off filter characteristic. The threshold for galvanic pulses was similar to that for sine waves, that is around 0,5 mV/cm in the best case. Thresholds for single and repeated noise bursts and clicks all ranged in the same order• of magnitude or slightly higher. This was to be expected, as all signal bandwidths were 5 Hz to 2 kHz, which largely covered the frequency range of any sensitivity.
Euproctus aver: Creek Population
For comparison, the same tests were run with nine specimens of E. aspen six of which were from the Aulus-lesBains creek population at about 1,100 m altitude and three of which were from Siech cave at about 700 111. altitude. The behavioral test (approach method) clearly demonstrated that E. asper exhibits the same basic reactions to electrical stimuli as Proteus. However, the thresholds for specimens of the creek population were quite high, at least 30 dB. and up to 60 dB, higher than found for Proteus (around 10 mV/cm in the best case; see fig. 2 ) and significantly different from the average Proteus values. The B.F.'s were not significantly different between the two species. &worms' B.E's were between 20 and 30 Hz, and the roll-offs of the curves were 5-10 dB/octave at the lower frequency end and somewhat higher at the upper end: i.e.. not as steep as in Proteus. In other words, the curves appear generally more broadly tuned than those of Proteus.
The thresholds with noise bursts. galvanic pulses and clicks ranged a bit higher than for sine waves, as occurred in Protetts. The one larval Euproctus displayed a tendentially better curve ( fig. 2. filled triangles) than the average of all Euproctus coming from the same creek population ( fig. 2, open squares) , but the larva was not more sensitive than the most sensitive adult of that population ( fig.2 . open diamonds).
Euproctus asper: Cave Population
The three adult specimens from the cave population electrode rarely caused them to flee or twitch, unless the intensity was raised considerably above the actual threshold.
There remains a certain discrepancy between the B.F. of the urodeles investigated (25-40 Hz) and that of the ampullary electroreceptors of axolotls, which ranges within 10-20 Hz [Manz et al., 1985] . Best frequencies even below 10 Hz were found in the non-homologous receptors and central neurons of silurids [Peters and Buwalda, 1972; Roth, 1975] and, perhaps, several other fish orders [Kalmijn, 1974] , but the differences have not been established to be statistically significant.
Individuals of both Euproctus populations were remeasured in karstic water, as described for Protects. Again, fluctuation masked any significant improvement or worsening of the thresholds, but a more quantitative study migh reveal that ionic content plays a certain role.
Mansparent Catfish (Kryptopterus)
In the transparent catfish, Kryptopterus (Siluridae), behavioral threshold curves with a best frequency range of 20-40 Hz have also been registered with the same technique: the outlines for Ktyptopterus are quite similar to those for Motet's and Euproctus ( fig. 3, stars) . Its absolute threshold was still better (average of 0.04 mV/cm, significantly different from that of Proteus (see fig. 3, stars) , and the Q10 , 1,, with up to 0.9, was somewhat better than that of Proteus. The upper slope is 30 dB/octave steep and the lower between 6 and 10 dB/octave, both a bit steeper than those of Proteus (up to 25 dB/octave). In sum, the three species tested have similar behavioral tuning curves (concerning the total frequency ranges and the B.F.'s).
Further Types of Reactions to Electrical Stimuli
Two Proteus and four Euproctus reacted spontaneously to the very first presentation of an electrical stimulus and/or more rarely by later approaching, snapping, or biting the stimulating electrode from not more than 1-2 cm away [compare with Himstedt et al., 1982] . After this, the animals retreated or fled. In addition, all Protects occasionally exhibited a kind of alert reaction by lifting their heads for a few seconds up to several minutes, instead of twitching or fleeing. Thresholds for this reaction were essentially the same as for the twitch. Euproctus did not show this response type, at least not clearly enough to be recognizable.
Possible Intetference with Mechanical Stimuli
That the reaction to an approaching stimulus electrode was due only to the electrical current and not to the mechanical stimulus [possible water pressure or displacement waves or water currents; see Durand and Parzefall, 1987] was demonstrated by advancing the electrode, with the electrical current turned 'on' or 'off alternately. Without current, the animal did not react unless it was touched by the electrode, which elicited withdrawal or escape. In Eninvents, the response sometimes occurred in the current 'off condition, apparently because the animal had the opportunity to see the metallic surface of the electrode, even under very dim (electric torch) light. Again in Eitinvous, an approach to the head from the side or behind did not provoke any reaction until the skin was touched with the non-stimulating electrode. However, an electrode through which sufficient current was passed, handled as described. always provoked an obvious response before touching.
Sensitivities in Waters of Different Conductivities
In several tests (1 Proteus and 4 Euprocms) an animal's electrical sensitivity was measured in their 'home' water. then immediately in waters of different origin with sligthly to considerably different ionic content and electrical conductivity (between 100-330 pS•cm). As the thresholds fluctuated for the same animal by at least 10 dB, the sensitivities in the three waters did not change appreciably. On the other hand, as indicated above, the total number of such tests (15) was too small, and fluctuation was toolarge, to reveal significant differences.
Some of the Euproctus from the Aulus creek population and their offspring raised in the Moulis cave laboratory have been restested after a longer adaptive period (one year or more). However, the ionic composition (conductivity) was apparently not different enough (about 300 pS • cm for Moulis cave water and about 200 pS • cm for Siech cave water) to produce sianificant changes in threshold, even over a long term. Furthermore, the apparent tendency for captive Eupments, if any, is for a loss of sensitivity in altered water environments. On one hand, this would support the assumption that electrosensitivity can be adjusted seasonally or generally to new ionic contents and is not exclusively determined by genetically inherited factors. On the other hand, it may indicate that high sensitivity, if not needed, declines, as for example during domestication. Some Euproctus individuals have been kept aquatic/terrestrially in the Munich laboratory for several years. When their electrical sensitivity was re-checked, their thresholds were all higher than the average shown in figure 2 (open squares).
Discussion
The behavioral results will first be compared with data from other vertebrate species and parallel neurophysiological findings in Proteus [Schlegel and Roth, 1996] and axolotls [MUnz et al.. 19841 . Possible adaptations to the ecologically extreme cave habitat and their relation to the passive electrosensory system are discussed, and an attempt is made to establish the biological significance and evolutionary aspects of recent diversification, particularly since the Pleistocene.
Physiological and Behavioral Sensitivities
The most remarkable result of this study was the discovery of an obviously spontaneous, 'overt, predominantly avoidance reaction to electrical stimuli ('negative electrotaxis) in both urodele species and its unexpected stability against habituation, at least in Proteges [see l-limstedt et al., 1982] . In particular, Proteus reacted more reliably to the artificial AC-stimuli (especially with the approach method) than to moving. electrical DC-fields as in earlier experiments [Roth and Schlegel. 19881 . Conversely, one could argue that the threshold for a conditioned response might be even lower than for the spontaneous avoidance response considered here. However. we [Roth and Schlegel. 19881 had originally conditioned Proteus for the same reaction (twitching, retreating, and fleeing, conditioned through punishment). but the thresholds were essentially equal with either method. Even the thresholds of single electroreceptive afferent fibers were about the same or only somewhat hizher (0.1-0.5 mV/cm [Schlegel and Roth. 1996] ). so one can assume the thresholds for the spontaneous reaction were at least close to the real ones (see below),
Bioloical Significance
In regard to the biological significance of this sensitivity and the behavioral response. as noted above. the Australian platypus lScheich et al.. 19861 and sharks [Kalmijn. 1974) are .able to perceive the electromyograms of prey .animals. regardless of the functional difference in their passive electrosensory systems. Although prey detection due to 110-electrical sources has not yet been shown in hmens, it is possible that the proper prey animals or stimuli have not been provided.
Living or dead larvae of Chironomus were not readily recognized or quickly taken by the animals. and even the addition of electrical stimuli, including single noise bursts mimicking prey jumps (stimulating electrode at the site of the larvae), did not change either species' behavior. The animals obviously 'recognized' the added electrical stimuli as such (by a twitch reaction or alertness response) but did not take the prey or flee with the intensities used.
One day after being provided with food, one Prows had. probably by chance. taken only two of the six larvae. This is the usual consumption rate reported for Proieus,
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Brain Bohn Evol 1997:49121-131 noted after years of such routine feeding without electrical stimulus [J. Durand and Ch. Juberthic, personal communication] . On the other hand, Proteus takes only live prey, probably recognized chemically and mechanically [Durand et al., 1982] . and practically no dead larvae. By contrast, Euproctus does take dead prey and is also much faster at finding prey, living or dead, without electrical stimulus. The cave amphipod Niphargus among the Gammaridae, the isopode Stenassellus, or earth worms [i.e. cave Lumbricidae; see Gould et al., 1993] would perhaps be more appropriate prey for Proteus. as they presumably produce electrical signals (electromyograms) due to their movements. In freshwater crustaceans, for example. Scheid et al. [1986] documented electrical field strengths, due to electromyograms, of up to 10 mV/cm, large enough to excite the respective electroreceptors at distances 1-2 cm away from the prey in platypus [Scheich et al.. 1986 ; also see Roth and Schlegel, 1988; Schlegel and Roth, 1996] . In contrast to the platypus, the two urodele species were perhaps not attracted but repelled by the electrical stimuli offered under the experimental conditions, so that they usually showed the avoidance reaction and only rarely approached and snapped. Any electrical signals evidently attractive or otherwise useful for these animals have still not been discovered (see Outlook).
Comparisons with Proteus Populations of Natural Habitats
Inbred, raised and well fed in captivity for more than 35 years in the Moulis cave, the individual Proteus could have become domesticated and electrically less sensitive. Therefore, five specimens of Proteus. taken form caves in Slovenia. the original habitat of that species. were tested with the same methods in the cave or the laboratory in Ljubljana University (Biotechnical Faculty, Dept. of Biology); these animals exhibited essentially the same best sensitivity and B.F. as the individuals bred in Moulis, but fluctuation was higher among them, so that the average sensitivity of the wild specimens was less than that of the individuals from the Moulis cave [P. Schlegel and B. Bulog, unpublished observations] .
Neural Mechanisms
As to the underlying neurophysiological mechanisms, even the slightest disturbance due to extrinsic electrical stimuli, as applied here, appears to excite and alert the animals greatly and alters the spontaneous firing of resting afferent fibers. In order to avoid such stimuli, the animals try to escape from a possibly dangerous situation: vigorous backwards swimming was observed in Proteus and some-
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Brain Bch. Eva' 1997:497121-131 times even &proems, This was especially the case when local stimuli were presented with the approach method. In a homogeneous field (typically effective in the stationary stimulation method), however, the voltage gradient would be rather similar all over the body, and the animal may not be able to react as directionally as with the approach method because it cannot locate the source as easily. Still, the stimulus onsets and offsets should be, and were in fact, recognizable as such, and the thresholds for such stimuli were sometimes very low, but the probability of any response was as well (stationary method; fig. I, semicircles) . The biological function of the avoidance response in the passively electrosensitive urodeles, obviously annoyed or scared by the electrical stimuli used, is most likely escape from the current source by retreating and diminishing its intensity. This may not be the normal reaction of the animals in nature, but it was under test conditions.
Possible Ecological Electrical Sources
The sources of natural electrical signals relevant for the animals remain unknown but could be geochemical and geophysical [Peters and Bretschneider, 1972] or biological, such as nearby conspecifics or other electricity producing animals [see Scheich et al., 1986; Gould et al., 1993] . When cave salamanders become territorial, as for mating, laying eggs or guarding the clutch, they attack all intruders vigorously. The olfactory and mechanical senses are probably the most important for sexual recognition and communication [Parzefall et al., 1981; Durand et al.. 1982; J. Parzefall, personal communication] , but the electrical sense could play a role therein as well, and/or it could provide an additional capacity for general orientation, close-up (conspecifics or prey) and far field (geophysical/geochemical stimuli).
Neural/Behavioral Tuning in the Passive Electrosensory System
Concerning the tuning properties of Proteus' electroreceptors and the behavioral curves, there are obvious similarities: of the three receptors with best tuning at 25, 40, and 50 Hz, respectively, Q10 "-values of 0.58, 0.55, and 0.77 were found [Schlegel and Roth, 1996] . Accordingly, the averaged behavioral curve revealed a Q,",, value of 0.75 at 40 Hz, and the best curve a Q,"" of 0.6 at 30 Hz. Moreover, both upper and lower frequency ranges exhibit different filter slopes for the central electrosensory system, thus reflecting the same filter properties as the peripheral electroreceptors [fig.!, upper curve, stars; comp. also Miinz et al., 1984] . Clearly, a sensitivity for absolute field strength (DC) is not available, although even slow changes (low frequencies, AC and moving DC [Roth and Schlegel, 1988]) Schleecl are sufficient for the system to work. More generally speaking, the system is limited to rather low frequencies, as are the lateral line mechanoreceptors (free neuromasts [Miinz et al., 1984] ).
Similarly, the Errpmcnts of Siech cave had a Q,",,,, of 0.59, with a bandwidth from 10-80 Hz and a B.F. of 40 Hz, and the tuning characteristic was therefore almost the same as in Proteus. These values are similar to or slightly higher than those reported for other ampullary electroeceptors of urodeles (10-20 Hz [Mlinz et al., 19841) and catfish [Peters and Buwalda, 1972] and for free neuromasts [Miinz et al.. 1984] . The slopes of the behavioral tuning curves of all three speiceis are, as a whole, steeper than those of simple passive RC-combinations, which would lead to slopes of 6 dB/octave, but they are up to 30 dB/octave in Kortopterus. 5-25 dB/octave in Proreus, and 9 dB/octave in Errproems. This would indicate band-pass filters of higher than first order with time constants for the high and the low pass section of about 17 ms.
Evolutionary Aspects
When newts (e.g. Trim's, Etrpmcnis) leave the water after metamorphosis ampullary receptors may be covered and/or they may be functionally inactive in some seasons. They are reactivated, however, when the animals return again to water. Thus newts inactivate and reactivate their electroreceptors, morphologically and physiologically, as appropriate [Fritzsch and Wahnschaffe, 1983] or in an annual cycle. Some salamanders, however, such as Salantandra salanzandra, lose the entire peripheral lateral line system when metamorphosing [Goppert, 1929 : Fritzsch, 1988 ]. This would seem reasonable for them, as they do not return to the water except when females deposit their larvae. They thus experience life under water only by accident and are sometimes even drowned, as they are not capable of swimming and can not breathe underwater [G. Diesener, personal communication] . Such adaptive properties in newts were to be expected from Fritzsch and Wahnschaffe's 119831 morphological findings. However, the surface dwelling &proe-ms remain in water at all times, except perhaps in dry. hot summers when they hide underneath stones near the dried out creek [G. Diesener, personal communication] , and they may maintain functional electroreceptors. In such cases, it seems likely that the electroreceptors could alert the animals to abruptly changing water conductivity or the arrival of strong precipitation, information that would be helpful and of adaptive evolutionary value. In contrast to Salanran-(Ira and the neotenic Proteus, newts retain lateral line organs, including ampullary receptors and mechanoreceptive free neuromasts, even after metamorphosis.
Free neuromasts have greatly reduced sensitivity for electrical stimuli (their threshold is 20-40 dB higher than that of ampullary organs, which is 10 mV/cm in axolotls [Miinz et al., 19841) , but one could still argue that Eupmcrus is sensitive to electrical currents by means of the free neuromasts, not ampullary receptors. Therefore, skin receptor morphology of specimens from different habitats and/ or seasons should be compared to determine the actual behavioral or neurophysiological sensitivity to electric fields. However, the frequency response curve of such neuromasts for electrical sinusoids is not known and is probably restricted to low frequencies, i.e. below th B.F.'s of the ampullary receptors (tonic burst activity rather than phasic reactions to rectangular pulses). For comparison, the mechanoreceptive tuning curves cover .a range of up to 100 Hz. with a peak between 50 and 100 Hz [see Miinz et al.. 19841 . It is therefore likely that the behavioral response of Euprocrus is not due to the mechanoreceptors' sensitivity to electrical stimuli but rather to the functioning of ampullary oreans, as in Proteus, in view of its similar frequency response curve and the fact that ►he best Euprocrus individuals have only slightly higher thresholds than Proteus.
After the discovery of rather diverse absolute threshold sensitivities for electrical stimuli in newts of the same species (E. taper) but from different geographical populations and probably slightly different genetic pools. one is tempted to support the conclusion of Fritzsch and Wahnschaffe [19831 regarding the ontogeny and seasonal functionality of electroreceptors in these amphibians. Much more fluctuation in thresholds has been found among ►he creek and cave populations of Euproctus than in the purely cave dwelling Proteus coming from small gene pools (wild individuals from isolated caves in Slovenia/Croatia or specimens from the Moulis cave laboratory). Those Euproctus isolated in caves since the last glaciation seem almost as sensitive as the typical cave dweller Proteges. All three individuals from Siech cave were up to 20 dB more sensitive than they could possibly be by virtue of free neuromast electrosensitivity [Mi.inz et al., 1984, and see above] .
In addition to the fact that they require adequate time to adjust to the ionic content of the new water in order to achieve optimum sensitivity. electroreceptors may disappear when animals are first transferred to different water. then reappear later (Roth, 1971, and unpuhl. observ .: see also Kramer and Kuhn, 19931 . The thresholds as reported here, however, in different waters, with and without adaptation to the new ionic content, were apparently not systematically or consistently higher or lower, within fluctuation limits, to show significant differences. Still, sensitivity of some Eft/wet/a was almost as high as that found in Pro-
Electroreception in Proteus and Euprocins
Brain Benny Ewa W97:49:121-131 felts. which corroborates the above hypothesis that newts can improve their thresholds for electrical stimuli.
It would therefore be generally advantageous for these animals if the functionality of their electroreceptors depended on natural physical and biological factors rather than on genetic fixation. The cave dwelling animals would. over the long term, retain electrosensitivity and their electroreceptors, depending on their actual life cycle. At any time, they could take advantage of the electrosensory system, which should provide them information on their physical and biological environment, e.g., water conductivity and ionic content changes, the presence and locations of geological or geochemical electrical sources, or the presence of other animals producing skin potentials or electromyograms [Gould et al., 1993; Scheich et at., 1986] .
Arguments for that hypothesis are the 'graded' sensitivities of the animals compared here. The obligatory cave dwelling Proteus possessed the best electrosensitivity. down to 0.1-0.35 mV/cm. The average threshold for the Proteus population from Moulis cave is only 8 dB higher than that for the best of the seven specimens. The three adult specimens of E. asper from the Siech cave population are almost as sensitive (6-7 dB less) as the average Proteus, but they are at least 15 dB more sensitive than the best Euproems conspecifics from the surface creek population (Aulus-les-Bains). This population probably still has genetic exchange with other creek populations and can be considered as part of a wide gene pool recolonizing the higher Pyrenean altitudes after the last glaciation. Some cave dwelling Euproctus, however, are most likely relict populations (i.e., geographically separated populations). They have functional eyes, although they live in complete darkness. It is possible they are becoming a new species or. at least, already belong to a new geographical race after passing through a 'bottle-neck' during the last glaciation (climatological, geographical, and temporal, then genetic and behavioral separation), as has been demonstrated for several populations of cave beetles from the same region [Juberthie-Jupeau and Cazals. 1988a, b] .
Individuals with better electrosensitivity, due to natural variability, would be favored in the cave habitat because of better ability to orient electrically, whereas surface creek populations, although they may be electrosensitive as larvae, might lose some of their sensitivity as adults, according to their individual needs. Still, although it could be due to mere fluctuation, the one specimen with gills was 10 dB less sensitive (triangles, fig. 2 ) than the best individual (diamonds) of the same population but slightly better than average (open squares). Even so, these animals conserve a certain electrosensitivity as they usually do not leave the 
Outlook
As we do not know how these animals use electrosensitivity in nature, this question should be addressed in more detail. A behavioral study of electrical sensitivity involving punishment and conditioning to sinusoids is planned for Pmteus. On the other hand, the findings may reveal only an old heritage of no present adaptive value (regressive evolution; see, e.g., Fritzsch 119891) indicating that electrosensitivity is not being strongly selected for in these diluvial relict populations. Electrosensitivity may therefore be vanishing in these amphibians, as suggested by the findings in our Proteus and Euproctus populations and the unpublished data of P. Schlegel and B. Bulog.
